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Abstract. In this work we show how atmospheric propagation delays for
radio signals can be simulated based on the theory of atmospheric turbulence.
We also discuss how to obtain station specific parameters, e.g. the refractive in-
dex structure constant Cj,, from analysis of high resolution radiosonde data. As
an example, atmospheric delays for the station Gilmore Creek and the CONT05
campaign are simulated.

1. Introduction

Atmospheric turbulence causes small scale fluctuations in the refractive in-
dex of air. These fluctuations cause variations in the atmospheric propagation
delay of radio signals. Such variations are an important error source for space
geodetic techniques, such as VLBI.

One way to assess how much the atmospheric turbulence degrades the ac-
curacy of the parameters estimated in VLBI data analysis is to use simulations.
The propagation delay of the VLBI signals in the neutral atmosphere can be
simulated using the method presented in [1]. This approach requires knowledge
of the magnitude of the turbulent variations in the refractive index. This mag-
nitude can be described using the refractive index structure constant C,,. This
parameter varies both in time and as function of location. The C), parameters
can be measured using a number of different techniques, for example using high
resolution radiosonde data [2-5].

In this work we first describe in Sec. 2 how to simulate atmospheric de-
lays, as well as how to obtain C), using high resolution radiosonde data. In
Sec. 3 we present C, profiles obtained from radiosonde data from a number
of high resolution radiosonde stations in order to investigate the variability of
C, between different climate regions as well as with season. In Sec. 4 we sim-
ulate atmospheric delays for the VLBI station Gilmore Creek, Alaska, using
C), profiles estimated using radiosonde data obtained from a nearby radiosonde
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launch site. We also investigate how much the turbulence limits the accuracy of
the station position estimates using a simple PPP (Precise Point Positioning)
approach. Finally, we present the conclusions in Sec. 5.

2. Theory

2.1. Simulating Tropospheric Delays

The turbulence induced fluctuations in the refractive index of air can be
characterized using the Kolmogorov turbulence theory [6]. According to this
theory, the spatial variations in refractive index, n, between two points, r; and
rj, can be described using a structure function D,, [7-9]:

Dutei) = (ntes = nie?) =3 (52 14 l(l_ ijrlﬂf/y
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where (-) denotes expectation value, C,, is the refractive index structure con-
stant, L is the saturation length scale, and z; the vertical component of r;.
Temporal variations in the refractive index can be described similarly by as-
suming Taylor’s frozen flow hypothesis [10]. This hypothesis assumes that the
turbulent structure of the atmosphere is frozen and moves with the air, i.e.
n(r,t) = n(r — vt) where v is the wind vector and ¢ the time. The variations
in refractive index between location r; at time ¢; and location r; at time ¢; can
then be described by:

<[n(r¢,ti) - n(rj,tj)]2> = Dy(r; — vi;,r; —Vvij). (2)

In this work Equivalent Zenith Wet Delays (EZWDs) are simulated, i.e.
slant wet delays divided by their corresponding mapping functions. An EZWD
I7 of a radio signal observed after propagated along the path S;, is given by:

= oo [ ) = 1ds = [ i) - 11 3)
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where m; is the mapping function between zenith and the elevation angle of
the slant path .S;. Given a known initial EZWD [§ in some direction and at
some time instant, (like the zenith wet delay at time zero), we can calculate
the covariance between two EZWDs, [; and I}, given by:

o

[Cliy = (G = 1) (5~ 15)) = / N / [Do(ri(2), 70(2")) + Dol (=), 0(2)
—Da(ri(2),15(2")) = Dalro(2), ro(2'))] dedz’. (4)

Calculating this for every pair of EZWDs we want to simulate, we obtain
a covariance matrix C. Since C is symmetric we can perform a Cholesky
decomposition [11]:

C =DDT. (5)
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A vector of simulated EZWDs, 17, can then be obtained by [1]:
=%+ Dn, (6)

where n is a vector of zero-mean Gaussian distributed random numbers with
variance 1.

For the simulations we need the profile of C),, the wind velocity, and the
initial EZWD [§. For the structure constant, an often used approximation is
to assume that C), is constant up to an effective tropospheric height H and
zero above [9]. This approximation was for example used in the simulations in
[1]. In this work we simulate EZWDs using both this approximate model and
using vertical C,, profiles estimated from high resolution radiosonde data.

2.2. Estimating the Structure Constant from Radiosonde
Data

The structure constant C,, can be estimated from radiosonde data. The
method used in this work is described in, for example, [2-5]. It is briefly
summarized below.

The mixing of the air inside a turbulent eddy will cause any large scale
gradient in the refractive index to be mixed into creating small scale refrac-
tive index fluctuations. By knowing the size of the large scale gradient and
the typical mixing distance the magnitude of the fluctuations, i.e. C2, can be
estimated. The typical mixing distance is related to the so called outer scale
of atmospheric turbulence, Lo. C2 can be estimated by:

02 = g2 <L3/3> FM?, (7)

where a? ~ 2.8, F is the fraction of the air that is turbulent, and M the
vertical potential refractive index gradient. The outer scale is normally not
known exactly, but its expectation value can be calculated by assuming that
Ly is uniformly distributed between some minimum and some maximum values,
for example between 3 m and 100 m [4]. The potential refractive index gradient
M is not the full vertical gradient of the refractive index; it only contains the
part caused by the gradients in quantities conserved under adiabatic motion
in the atmosphere, i.e. the potential temperature § and the specific humidity
g (these are only conserved when there are no clouds, hence the method can
only be used under cloud free conditions). Thus, M is calculated by:

ondf  On dq
M=——+—=—. 8

96 02 0q 0z ®)
When estimating the derivatives using radiosonde data it is important to re-
member that only the large scale gradients in § and ¢ should by considered,
not the small scale fluctuations due to turbulence. Hence the gradients should
be calculated using data obtained at a vertical sampling larger than Ly where
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the gradient can be assumed larger than the turbulent fluctuations. However,
the sampling needs to be small enough that the large scale variations in § and
q can be described by a first order Taylor expansion. In this work we use a
sampling distance of 150 m.

The intermittency factor F' is required to take into account that only some
layers of the atmosphere may be turbulent, while other layers may be non-
turbulent or in a state where they fluctuates between a turbulent an a non-
turbulent state. Typically F' &~ 0.1 [2], however it can vary in time and with
height. It is possible to estimate F' using statistical methods:

F- /S °° ps(S)ds, (9)

where S = ||g—:|| is the wind shear, p; the probability density function of S,
and S, the wind shear required to make the Richardson number equal to the
critical Richardson number [3]. Typically the following expression for pg is

used [3, 4]:
2
ps(8) = ——eap (— 5+ {Stz)) ) n(Z5EN).

20%(z) o%(z)

where (S(z)) is the wind shear estimated using the wind measurements in the
radiosonde data, and I is the modified Bessel function of the first order. The
parameter og = 0.18 Ly*? |42 0% =015 where g is the acceleration due to

gravity and p the density of the air [4].

3. Examples of C? Profiles

Fig. 1 shows mean and median C? profiles estimated from high resolution
radiosonde data, for six different locations. As seen, the mean values are typi-
cally larger than the median ones, meaning that the distribution for C2 is not
symmetrical (probably it is log-normal [4]). We can also note that the aver-
age C2 profiles decay almost exponentially with height, and that C?2 usually is
larger for the stations closer to the equator.

In Fig. 2 the seasonal variation of C2 is shown. As seen C? is clearly larger
in summer compared to winter, especially at lower altitudes. The likely reason
is that there is more water vapor in the atmosphere in the summer. The result
with higher C), in summer is in agreement with the results in [12], where slant
wet delays inferred from microwave radiometer data were used to estimate C,.
We can also see that there are large variations also over short time scales, of
the order of days or shorter.

4. Simulations

We made simulations for the VLBI station Gilmore Creek, Alaska, for the
continuous VLBI campaign CONTO05. The structure constant profiles used in
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Figure 1. Mean and median C? profiles for 2005 estimated from radiosonde data

the simulations were those estimated from the nearby radiosonde launch site
in Fairbanks, located 30 km away from the VLBI station. From the radiosonde
data, there were five different C2 profiles that could be used during the period
Sep. 12-28, 2005. The C2 profiles at times in between two radiosonde launches
were estimated by linear interpolation of the C2 profiles estimated from the
radiosonde data. The wind speed data were obtained from ECMWF data [13].
We made the approximation that the wind speed and direction were constant
with height (equal to the ECMWF wind data at the 850 hPa level), but varying
with time.

We also made simulations using the simplifying assumption of a constant
C) up to an effective tropospheric height H and zero above. The effective
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Figure 2. Seasonal variations in C2 observed at Gibraltar and Fairbanks

tropospheric height were estimated as the scale height of the C,, profile, i.e. it
was obtained by fitting log(Cy (%)) to the model log(Cy(2)) = A — z/H. The
constant C), value was then estimated so that C, - H would be equal to the
the integral of the mean C, profile for the CONTO05 period. The obtained
parameters were H =3170 m and C,,=0.9-10~7 m~2/3. The wind speed and
direction used in these simulations were constant both in time and with height
(equal to the mean speed and direction for the period as given by ECMWF for

the 850 hPa level).

To investigate the effect the seasonal variations of C2 have on the results,
we also made simulations using the C? profiles obtained in the period Mar.
12-28, 2005 (i.e. six months before CONTO05).
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Figure 3. Simulated EZWD for Gilmore Creek during the CONT05 campaign. Shown
are delays simulated using C,, profiles estimated using radiosonde data (lower line),
as well as delays simulated using constant C, up to an effective tropospheric height
and zero above (middle line, offset by 50 mm), and delays simulated using C), profiles
from March 2005 (upper line, offset by 150 mm)

The time-series of the simulated EZWDs are shown in Fig. 3. The azimuth
and the elevation angles of the simulated EZWDs are those observed by the
Gilmore Creek VLBI telescope during CONTO05. The same random numbers
were used in the simulation using the C), profiles from the radiosonde data and
for the simulation using the simplification with constant C),, up to the height
H. We can observe that the variations in these time-series look rather similar.
However, for the simulations using the data from March 2005, the variations
are smaller, a result of smaller C,, in March compared to Sep.

To test how the turbulence affects the accuracy of the position estimates, we
used the simulated delays in a simple Precise Point Positioning (PPP) process-
ing. In the PPP processing we made one solution for each one day period.
For each day the station position, station clock error (modeled as a second
degree polynomial), zenith wet delay (modeled as piecewise linear function in
one hour intervals), and tropospheric gradients (modeled as piecewise linear
functions in two hour intervals) were estimated. No other error source than
the tropospheric delay were simulated.

The obtained repeatabilities for the coordinates are shown in Fig. 4. We can
see that the coordinate errors for the simulations using the advanced approach
(i.e. using the C,, profiles) and using the simpler approach are similar. When
using the advance approach the RMS repeatabilities for the whole period were
1.3 mm, 1.3 mm, and 4.1 mm for the north, east, and vertical component
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Figure 4. Station position repeatabilities. Shown are the results from the simula-
tions using the advanced approach (*), the simplified approach (o), and the advance
approach but using C, from March 2005 (v7)

respectively. The same values when using the simpler approach were 1.3 mm,
1.3 mm, and 4.4 mm, i.e. hardly any differences at all. For the simulation
using C,, profiles from March 2005 the repeatabilities are significantly better:
the RMS values for these simulations were 0.5 mm, 0.6 mm, and 1.9 mm
respectively.

5. Conclusions

Atmospheric turbulence causes fluctuations in the atmospheric delay of the
VLBI signals, both as function of time and as function of direction. Since the
models used in the processing of VLBI data cannot describe these fluctuations
properly, it will cause errors in the parameters estimated in the VLBI analysis.
For example, as seen for the simulations presented in this work the error in the
estimated vertical coordinates can be several millimeters. The error is season
dependent since the structure constant C,, has a seasonal variation.

The C,, profile can be estimated using high resolution radiosonde data.
It should however be noted that there is some uncertainty in the C), profiles
estimated using this method. For example, the Ly value is normally not known
very well. In this work we assumed Lo to be uniformly distributed between
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3 m and 100 m, however the maximum and minimum values can be different
for different location. In [3] the range 30 m to 100 m is given for the maximum
Lo value. If we would use 30 m instead of 100 m as the maximum value of Lg
the estimated C), values would be smaller by about a factor 2. More research is
needed in order to improve the knowledge about Lg. Another way would be to
estimate the C,, profile from the radiosonde data using the alternative approach
presented by [5]. That approach however, requires a vertical sampling rate of
around 10 m or less (some radiosonde data used in this work only have 50 m
sampling), and the method is probably more sensitive to measurement noise in
the radiosonde data.

Simplifying the simulations by assuming a C), constant up to an effective
height H and zero above will not affect the simulated delays significantly as
long as appropriate C), and H values are used. Some differences between the
simulated time-series using the advanced and simplified approach can be seen.
These are likely caused by the fact that there is variations in time in the C,
used in the advanced approach but not in the simplified approach. The repeata-
bilities obtained from the PPP analysis are similar. It is however important to
take into account the seasonal variations of C,.

The method of simulating atmospheric delays can be used to determine the
accuracy that can be reached with space geodetic techniques such as VLBI.
For example, the method is presently being used in simulations performed in
order to evaluate the performance of the future VLBI system, VLBI2010 [14].
Simulated atmospheric delays can also be used in order to improve the modeling
of the atmospheric delays in the VLBI analysis.
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